and the CLEERE Study Group 4 PURPOSE. Epidemiologic evidence indicates that time outdoors reduces the risk of myopia, suggesting a possible role for vitamin D. This case-control study was conducted to determine whether single-nucleotide polymorphisms (SNPs) within VDR at 12q13.11 and GC at 4q12-13 are associated with myopia. METHODS. The primary analysis was conducted on 81 white adult control subjects between 18 and 50 years of age with a spherical equivalent refractive error between ϩ0.50 and ϩ2.00 D in both eyes and less than 1.50 D of astigmatism. Affected myopic subjects were 289 unrelated white adults at least 18 years of age with at least Ϫ0.75 D myopia in both principal meridians of both eyes. RESULTS. One SNP within VDR was significantly associated with myopia in the multivariate analysis of the primary sample (rs2853559: odds ratio ϭ 1.99, P ϭ 0.003). In a subsample of less severely myopic white subjects between Ϫ0.75 and Ϫ4.00 D, three SNPs within VDR were significantly associated in a multivariate model after adjustment for multiple comparisons (rs2239182: odds ratio ϭ 2.17, P ϭ 0.007; rs3819545: odds ratio ϭ 2.34, P ϭ 0.003; rs2853559: odds ratio ϭ 2.14, P ϭ 0.0035), accounting for 12% of model variance over age alone. CONCLUSIONS. Polymorphisms within VDR appear to be associated with low to moderate amounts of myopia in white subjects. Future studies should determine whether this finding can be replicated and should explore the biological significance of these variations with respect to myopia. (Invest Ophthalmol Vis Sci. 2011;52:3818 -3824) 
M yopia is a common trait characterized by an inability to see clearly at a distance without a refractive correction such as glasses, contact lenses, or refractive surgery. The prevalence of myopia in the United States has recently been estimated at 33.1% of adults. 1 The annual costs associated with distance visual impairment from refractive errors such as myopia are high-on the order of $3.8 billion. 2 Myopia most often has its onset during the school years with a peak incidence beginning at about age 9 years that then falls off by the late teens. 3, 4 There are numerous theories regarding the etiology of myopia, with the major putative risk factors most easily divided into hereditary and environmental. 5 The influence of heredity can be seen in the significant odds ratio for myopia in children whose parents are myopic. Estimates vary, but the odds that children will become myopic are on the order of five times higher if both parents are myopic than if no parents are myopic. 6, 7 Heritabilities calculated from twin studies are also high at 0.8 to nearly 1.0. 8 -11 The hereditary component of myopia is also supported by positive findings from numerous molecular genetics studies. Currently, there are 18 named myopia loci (http://www.genenames.org/ index.html). Environmental factors may modify this genetic risk. Greater amounts of reading and other forms of close work have often been associated with existing myopic refractive errors, but increased near work has not been a significant risk factor in longitudinal studies for the onset of new cases of myopia. 7, 12 Interest in environmental influences on refractive error has shifted recently away from near work toward the effect of time spent outdoors. Several groups studying myopia in various parts of the world have found that myopic children spend less time outdoors than do nonmyopic children. [13] [14] [15] Unlike the negative results for near work, longitudinal data are consistent with these cross-sectional findings and show that more time spent in outdoor or sports activity is protective against the onset of myopia. 7 This environmental effect interacts with the underlying genetic risk, reducing the probability of myopia onset in children with two myopic parents from 0.60 if time outdoors is under 5 hours per week to 0.20 if time outdoors is over 14 hours per week. 7 Recently, we reported that SNP rs1635529 on chromosome 12, region q13.11, showed highly significant overtransmission to myopic individuals in families participating in the Collaborative Longitudinal Evaluation of Ethnicity and Refractive Error (CLEERE) Study. 16 This chromosomal locus is in the vicinity of the genes COL2A1 (collagen, type II, alpha 1) and VDR (vitamin D [1,25-dihydroxyvitamin D 3 ] receptor). That there is little type II collagen in the sclera of the postnatal eye reduces the likelihood that COL2A1 has strong physiologic significance, 17 but there are several findings that make VDR an intriguing candidate gene for myopia. One is the aforementioned CLEERE Study result that outdoor and sports activities are protective against myopia onset in children. 7 The precise outdoor activity that conveys the protective effect is unknown, but it is noteworthy that recent results from Singapore and Australia suggest that merely being outdoors is more significant than any specific physical activity such as exercise. 13, 15 The progression of myopia is also faster in the autumn and winter when there are fewer hours of daylight and slower in the sunnier spring and summer months. 18 Increased levels of cutaneously derived vitamin D from more time spent outdoors and longer hours of daylight might be the source of these protective effects. A recent study has found that myopes have 20% lower circulating blood levels of vitamin D than do nonmyopes. 19 Speculating further, changes in diet affecting circulating levels of vitamin D may also affect the onset or progression of myopia. The prevalence of myopia appears to be on the rise in Asian populations 20 at the same time that traditional sources of vitamin D from fish may be being replaced by other sources of protein and calories in the Asian diet. 21 In Taiwan, for example, men aged 45 to 64 years have a dietary intake of 3.39 g/d of vitamin D from fish, but 6-to 12-year-old boys obtain only 1.74 g/d from this major food source of vitamin D. 22 Taken together, epidemiologic and genetic data suggest a role for vitamin D in myopia. Considering that the most vitamin D does not circulate freely in the plasma but is bound to vitamin D-binding protein that may alter functional properties 23 or plasma levels, 24 the group-specific component (vitamin D-binding protein) gene GC is also of interest. Data on environmental exposures and plasma vitamin D were not collected in the present study, but adult participants in the CLEERE Study genetics phase were carefully phenotyped for refractive error. The purpose of this study was to conduct a case-control analysis of associations between myopia and variations in SNPs within VDR and GC in affected myopic adults compared to nonrelated, adult, emmetropic controls. Refractive error criteria were chosen to present clearly defined phenotypes of affected myopic and unaffected nonmyopic refractive errors. Affected subjects were at least 18 years of age with a minimum refractive error of at least Ϫ0.75 D of myopia in both principal meridians in both eyes, as measured by cycloplegic autorefraction (model WR-5100K; Grand Seiko, Hiroshima, Japan). This degree of myopia creates symptoms of distance blur, would most likely be corrected by most clinicians, and is beyond the measurement error of the autorefractor used in the study. 25, 26 Because results may vary by the level of refractive error, 27 myopia was further divided into milder myopia between Ϫ0.75 and Ϫ4.00 D (inclusive) and more severe myopia worse than Ϫ4.00 D. This cut point was chosen on the basis of our hypothesis that vitamin D's potential relevance to refractive error may be limited to ametropias generated by essentially normal but disproportionate ocular components (i.e., correlation ametropia), and Ϫ4.00 D is the classic dividing line between correlation and component ametropia. 28 Because case-control analyses may be biased by ethnic variation, our primary analysis was of white subjects, first for all levels of myopia, with a secondary analysis in a subgroup with myopia between Ϫ0.75 and Ϫ4.00 D. Ethnic group was designated by selfreport from one of the following six ethnic designations: American Indian or Alaskan Native; Asian or Pacific Islander; black, not of Hispanic origin; Hispanic; white, not of Hispanic origin; and other, or unknown.
METHODS

Recruitment
Unaffected control subjects were between 18 and 50 years of age with a spherical equivalent refractive error of at least ϩ0.50 D but less than ϩ2.00 D of hyperopia in each eye and less than 1.50 D of astigmatism. The lower limits for age and hyperopia were chosen to minimize the likelihood of future conversion to myopia. The upper limit for hyperopia was chosen to avoid clinically significant hyperopia, to make the comparison between myopia and minimal nonmyopic refractive error. The upper age restriction for unaffected subjects was chosen to avoid misclassification due to age-related hyperopic shifts in refractive error that tend to begin after age 50 years. 29, 30 Cycloplegia was achieved using 1 drop of proparacaine 0.5% followed by 2 drops of tropicamide 1% five minutes apart. Ten autorefractor readings were taken 30 minutes after instillation of the first drop of tropicamide. Subjects had no history of ocular surgery and no ongoing orthokeratologic treatment for myopia (if treated previously, treatment must have ceased 6 months before participation in the study). Current contact lens wear was acceptable. Subject characteristics are listed in Table 1 .
Up to 10 mL of venous blood was collected from each participant. Whole blood DNA was processed with amplification kits (QiaAmp; Qiagen, Inc., Valencia, CA). Genotyping was performed (TaqMan SNP Genotyping Assays, Prism 7900HT; Applied Biosystems, Inc.
[ABI], Foster City, CA) with a protocol slightly modified from the manufacturer's instructions. The SNP selection was performed using HapMap and Haploview (www.hapmap.org). The SNPs were first chosen if they had a possible functional role (rs10735810) 31, 32 or if they had high heterozygosity or were tagging SNPs from the two major haplotype blocks encompassing the exonic structure of the VDR gene and the region of low linkage disequilibrium lying between these two blocks. Two of the three SNPs within GC were selected because of a previous report that their variation correlated with differences in plasma levels of vitamin D (rs4588 and rs7041). 24 The third GC SNP was selected to provide more complete genetic coverage of the haplotype block structure, taking it as a tagging SNP from HapMap. Genotyping was performed using 384-well plates containing dried DNA samples, and the scoring of the alleles was performed with a sequence detection system (SDS ver. 2.3; ABI). The data were uploaded into a database (Progeny Software, LLC, South Bend, IN) and analyzed (SAS Institute, Cary, NC). Traditional case-control analysis was performed for allelic association and for genotypic association. Using these preliminary results, we identified the associated allele by noting when the observed frequency in cases was greater than in controls. The SNPs were coded with the genotype of homozygous for the unassociated allele as the reference genotype, with a dose-response indicated as the genotype progressed to heterozygous and homozygous for the associated allele. The effects of age, sex, and ethnicity on myopia were assessed by logistic regression. SNPs were placed into a multivariate logistic model with these demographic variables and evaluated for main effects and two-way interactions by using likelihood ratio tests of significance of the change in the model due to the inclusion or removal of individual SNPs. Models were evaluated with consideration of the number of terms in the model using Akaike's Information Criterion, Wald and Score statistics, and the change in model R 2 . Further analyses were performed on the subset of subjects with mild myopia (defined as a spherical equivalent at least Ϫ0.75 D and equal to but not more myopic than Ϫ4.00 D), who were classified as white by self-report. The models were first constructed with an ␣ level of 0.05. Adjustment for multiple comparisons was performed using the approach of Benjamini and Hochberg. 33 With 12 SNPs analyzed, the lowest raw P-value tested would need to be less than 0.00417 to be considered significant. Each successively higher P-value tested would need to be less than successive integer multiples of 0.00417 (e.g., 0.00833, 0.0125, and so forth).
RESULTS
The cases differed from the controls in several demographic respects. The cases were older, more often female, and less often white than were the controls ( Table 1) . Subsequent analyses were conducted using multivariate adjustment for age, sex, and ethnicity, when appropriate. The adjusted results that follow were essentially no different from those when subject ages were limited to less than 50 years as an alternate method for minimizing effects from age-related shifts in refractive error (results not shown). 29, 30 Hardy-Weinberg P-values ranged from 0.10 to 1.00, with the exception of rs10877013 at 2 ϫ 10 Ϫ5 , rs2298849 at 0.01, and rs4516053 at 0.04. None of these SNPs were found to be significantly associated with myopia in the subsequent analyses. Minor allele frequencies ranged from 0.22 to 0.50, and genotyping success ranged from 94.3% to 99.7% ( Table 2) .
Univariate logistic regression for white control subjects (n ϭ 81) and all levels of myopia (n ϭ 289) indicated that three SNPs were of interest for significance at P ϭ 0.05: VDR SNPs rs2853559 (P ϭ 0.02) and rs4516035 (P ϭ 0.04), and GC SNP rs7041 (P ϭ 0.02; Table 3 ). All SNPs were placed into a multivariate logistic model with age, sex, and ethnicity. All two-way interactions with the SNPs and the demographic factors were tested. No interaction terms added substantially to the model R 2 , and they were not analyzed further. In a multivariate model with age and sex, VDR SNP rs2853559 maintained significance after adjustment for multiple comparisons (odds ratio ϭ 1.99, P ϭ 0.003). Two additional VDR SNPs in the multivariate model were not significant after adjustment for multiple comparisons (rs2189480 and rs2239182, P ϭ 0.03 and 0.04, respectively). The model R 2 increased by a small 4 percentage points over the model with the addition of the three SNPs with the demographic factors alone, from 0.20 to 0.24 (Table 3) .
Univariate logistic regression results from white control subjects and with myopic spherical equivalent between Ϫ0.75 and Ϫ4.00 D are displayed in Table 4 . Eight SNPs showed no significant association, but four were of interest for significance at the 0.05 level: VDR SNPs rs3819545 and rs2853559 and GC SNPs rs7041 and rs4588 (P ϭ 0.03, 0.01, 0.005, and 0.04, respectively). All SNPs were placed into a multivariate logistic model with age and sex ( Table 4 ). No two-way interaction terms added substantially to the model R 2 and were not analyzed further. The multivariate model for the sample as a whole resulted in a significant effect for age, no effect for sex, and significant effects for three SNPs within VDR (rs2239182, rs3819545, and rs2853559) and one within GC (rs7041). Three of these four SNPs are mentioned above for the white sample as a whole. SNP rs3819545 showed the greatest linkage disequilibrium, albeit limited, with rs2189480 ( Fig. 1 ) and replaced it here compared with results for white subjects at all levels of myopia. The P-values for the three significant SNPs rs2239182, rs3819545, and rs2853559, within VDR in the multivariate analysis (0.007, 0.003, and 0.0035; Table 4 ), were all significant after adjustment for multiple comparisons; however, SNP rs7041 within GC was not significant after adjustment for multiple comparisons. The model R 2 increased by a substantial 12 percentage points with the addition of the four SNPs over the model with the demographic factors alone, from 0.17 to 0.29. Multivariate odds ratios for these SNPs are presented in Table 5 . There was some evidence of dose-response behavior in the VDR SNPs by virtue of the numerically increasing odds ratios, but the 95% confidence intervals for one and two copies of the risk alleles were overlapping.
Variations within VDR were weakly associated with myopia more severe than Ϫ4.00 D in 143 white cases compared to 81 white controls. No single SNP was significant in a univariate analysis. Three SNPs within VDR were only marginally signifi- cant in a multivariate analysis adjusted for age (rs2239182, rs2189480, and rs2853559, P ϭ 0.05, 0.04, and 0.03, respectively). VDR SNP rs3819545 and GC SNP rs7041 were not significant in this subsample. At only 0.09, the model R 2 for these three SNPs alone in white subjects with myopia worse than Ϫ4.00D was half that for the four SNPs associated with myopia between Ϫ0.75 and Ϫ4.00 D. Their addition to a model with age and sex improved the R 2 by only 2 percentage points, from 0.27 to 0.29. None of the SNPs in the multivariate analysis reached the 0.00417 level required for adjustment for multiple comparisons.
To examine the potential relevance of these variations to ethnicities other than white, univariate logistic regression was also preformed on the sample as a whole. Ten SNPs showed no significant association with myopia, but two within VDR were of interest for significance at the 0.05 level (rs3819545, P ϭ 0.02; rs2189480, P ϭ 0.04). The multivariate model for the sample as a whole resulted in significant effects for age, sex, and ethnicity (R 2 ϭ 0.19), in addition to three SNPs within VDR (rs2239182, rs3819545, and rs2853559; R 2 for the three SNPs by themselves ϭ 0.04). No SNPs within GC were significantly associated with myopia in the multivariate analysis. The model R 2 increased only 2 percentage points with the addition of the three SNPs over the model with the demographic factors alone, from 0.19 to 0.21. The final three-SNP model was of questionable significance; however, with adjustment for multiple comparisons, none of the SNPs in the multivariate analysis reached the 0.00417 level.
DISCUSSION
We have identified three SNPs within VDR (rs2239182, rs3819545, and rs2853559) that differed significantly between Odds ratios (ORs) for SNPs give the increase in odds of being a case associated with a unit increase in copies of the associated allele. The first multivariate R 2 is for a model with age and sex (R 2 ϭ 0.20; n ϭ 289 cases and 81 controls), followed by a separate model with the three SNPs listed (R 2 ϭ 0.08; n ϭ 272 cases and 76 controls). The second multivariate R 2 is for a combined model with the three SNPs adjusted for age and sex (R 2 ϭ 0.24; n ϭ 272 cases and 76 controls). ORs for SNPs give the increase in odds of being a case associated with a unit increase in copies of the associated allele. The first multivariate R 2 is for a model with age (R 2 ϭ 0.17; n ϭ 146 cases and 81 controls), followed by a separate model with the four SNPs listed (R 2 ϭ 0.18; n ϭ 141 cases and 73 controls). The second multivariate R 2 is for a combined model with the four significant SNPs adjusted for age (R 2 ϭ 0.29; n ϭ 141 cases and 73 controls).
white adult cases with myopia between Ϫ0.75 and Ϫ4.00D and white nonmyopic controls. Associations between myopia and variations within VDR and perhaps an additional SNP within GC (rs7041) seemed most applicable to this group. Only one SNP, rs2853559, was significant for white subjects when the range of myopia was unrestricted. None were significant when either the sample as a whole including all ethnicities or when white subjects with myopia worse than Ϫ4.00 D were considered. Odds ratios ranged from 1.64 to 2.34 with a substantial increase in the model R 2 , from 0.17 with age alone to 0.29 with the four SNPs adjusted for age. The size of these effects is somewhat larger than recent genome-wide association studies of myopia with a much larger sample size. Nakanishi et al. 34 found odds ratios of 1.24 to 1.50 for SNPS within 11q24.1 in a genome-wide study of 830 cases with pathologic myopia and 1911 controls. More recently Hysi et al. 35 and Solouki et al. 36 reported associations between SNPs and myopia assessed as part of very large-scale, genome-wide scans: rs8027411 at 15q25 35 (odds ratio for homozygous for risk allele ϭ 1.16) and rs634990 at 15q14 (odds ratio for homozygous for risk allele ϭ 1.83). 36 To our knowledge, no genome-wide scans for genes related to myopia have identified VDR or GC as significantly related to myopia. That they have not is somewhat surprising, given the very large sample size, replication, and SNP density in recent reports. [35] [36] One possibility is that the present study results are false positives, a concern that can only be addressed through replication. We estimated the false-positive rate for SNPs with the allele frequencies observed in the study to be 3.8% through performing over 1000 simulations, making the probability of finding three significant SNPs by chance alone equal to 5.4 ϫ 10 Ϫ5 . An important difference is that the present study is more a candidate gene approach using a multivariate analysis of several, mostly independent, SNPs showing weak to no linkage disequilibrium. The effects shown in Table  5 are from multivariate odds ratios. In agreement with recent reports, 35, 36 none of the SNPs from the present study showed genome-wide significance as singletons. The multiple SNP analysis we used might be better suited to this candidate gene approach, given the prohibitively high number of multiple SNP combinations in a genome-wide study.
Interestingly, GC is in the vicinity of the MYP9 locus at 4q12 but has not been named as a candidate gene. 37 G was the risk allele for rs7041 in the present study. This result was unexpected, given that being homozygous for the G allele for rs7041 has been associated with higher plasma levels of 25(OH) vitamin D, 24 assumed to be beneficial given the protective effects of time spent outdoors. 7 The regions recently identified as associated with myopia that are closest to VDR have been at 12q21.2-24.12 (MYP3 locus) 38 and SNPs within COL2A1 at 12q13.11 16, 27 ; however, linkage between COL2A1 and VDR seems unlikely and none of the SNPs within VDR or GC used in the present study was part of a panel used previously (Linkage Panel IVb; Illumina, San Diego, CA). 38 The recent, detailed investigation of SNPs within and near COL2A1 did not include SNPs within VDR. 27 One group has reported that the BsmI polymorphism within VDR (rs1544410, not evaluated in the present study) is associated with myopia. 39 In addition, SNPs within LRP5 (low-density lipoprotein receptorrelated protein 5) located on chromosome 11, region q13.4, have recently been associated with refractive error (Simpson CL, et al. IOVS. 2009;50:ARVO E-Abstract 2817). This finding is relevant, because the LRP5 gene has been shown to interact with the vitamin D receptor and vitamin D, modifying osteoblast function in the mouse. 40 Further study is needed to determine whether an interaction between VDR and LRP5 is important in human refractive error.
Replication studies are needed to confirm the importance of these polymorphisms to myopia; pending replication, these results should be interpreted with caution. The sample size was relatively small, and a case-control design may be subject to false-positive findings if differences in ancestry between cases and controls create differences in allele frequencies that are more related to ancestry than to myopia. In addition, self-reported ethnicity and the limited number of ethnic cate- ORs are associated with one or two copies of the associated allele in the sample of white subjects with milder myopia between Ϫ0.75 and Ϫ4.00 D, adjusted for age. 95% CI, 95% confidence interval. gories used may have resulted in misclassification. With this caution in mind, our results were consistent across attempts to control for ancestry by adjusting for ethnicity in the multivariate analysis of the entire sample and by conducting the analysis in the white subsample. Obviously, such adjustments are not perfect, nor do they constitute a complete set of potential confounding variables. Unmeasured factors related to myopia such as time spent outdoors, 7 personality, 41, 42 and IQ 43 may interact with or be more directly associated with these polymorphisms. A more complete study of a role for VDR and vitamin D in myopia would compare myopes to nonmyopes, not only for genetic polymorphisms but also for differences in dietary intake of vitamin D, circulating blood levels of vitamin D, IQ, and visual activity profiles at various times of year to untangle the specific contributions of each factor and the interactions between them.
With one exception, the SNPs within VDR are located in intron 7 of the gene in a region without strong linkage disequilibrium and that lies between the two major haplotype blocks that encompass the coding sequence of VDR. While there are multiple adjacent regions to the associated SNPs of strong sequence conservation within 1000 bp or fewer that are suggestive of regulatory elements, none of the three SNPs is itself resident in a conserved element. One SNP, rs10735810 (rs228570), is outside of intron 7 and has a C-to-T nucleotide change that creates a 424-amino-acid VDR protein compared with a longer 427-amino-acid protein made in the presence of the C allele. Studies have shown the 424-amino-acid protein results in more transactivation of the vitamin D response element than for the longer protein, 31, 32 yet this SNP showed no association with myopia in any analyses, leaving the mechanism of action unclear.
Additional studies are needed to determine whether these polymorphisms have any biological significance in vitamin D receptor function or vitamin D metabolism relevant to the eye. Vitamin D is known to be a powerful regulator of cellular differentiation with strong anticancer and antiproliferative effects. 44 As a member of the nuclear receptor family, the vitamin D receptor regulates gene transcription, forming heterodimeric partnerships with retinoid X receptors (RXR). 45 The presence of 1,25-dihydroxyvitamin D 3 initiates the formation of the vitamin D receptor/RXR heterodimer. Thus, an abnormality of the vitamin D receptor or a lack of vitamin D in the diet might affect transcription, and perhaps ocular growth, through these abnormalities. Retinoic acid receptors also form heterodimers with RXR, with retinoic acid and 1,25-dihydroxyvitamin D 3 engaging in some crosstalk in signaling and cell-cycle regulation through overlapping binding specificities. 45 Retinoic acid is noteworthy because it has been shown to be a bidirectional regulator of eye growth. 46, 47 In addition, feeding experimental animals large amounts of retinoic acid leads to increased eye growth. 48, 49 Levels of retinoic acid receptor-␣ mRNA have also been reported to increase in form deprivation myopia and recovery from myopia in the chick. 50 Perhaps this crosstalk between vitamin D and retinoic acid exists in signaling pathways affecting eye growth. While speculative at this stage, these potential mechanisms suggest several experimental avenues to pursue.
In summary, we found that polymorphisms within the vitamin D receptor gene VDR were associated with myopia, particularly in white subjects with low myopia, accounting for a large proportion of model variance (12%) over age alone. The repeatability of this finding and the biological significance of these variations with respect to myopia are yet to be determined.
